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(g) Gas discharge device having a field emitter array consisted of microscopic emitting elements. 

(57) A gas discharge device includes an envelope 
containing a low pressure gas and a field emit- 
ter array having microscopic emitter elements 
which emit electrons into the gas. The device 
can be employed, for example, in a gas dis- 
charge lamp. 
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Background of the Invention 

The invention is directed toward an improved gas 
discharge device. More specifically, the invention is 
directed toward a gas discharge device which uses an 
array of microscopic electron emitters operating un- 
der the principles of field emission to initiate and sus- 
tain a discharge. The invention provides a gas dis- 
charge device with numerous advantages over con- 
ventional gas discharge devices. The invention can 
be employed, for example, in gas discharge lamps 
such as fluorescent lamps as well as in a wide variety 
of non-lighting applications. 

A gas discharge requires a source of free elec- 
trons that can migrate from a cathode to an anode 
while ionizing a background gas and propagating the 
discharge. At the cathode, the electrons are conven- 
tionally generated by thermionic or secondary emis- 
sion processes. Thermionic emission processes em- 
ploy a low work function material which is raised to a 
high temperature to liberate electrons into the sur- 
rounding environment. Secondary emission process- 
es employ a material with a high secondary electron 
yield coefficient to liberate electrons when the cath- 
ode is impacted by ions, other electrons, or photons. 

Thermionic emission cathodes are typically fab- 
ricated from combinations of rare metals such as ba- 
rium, strontium, scandium and others as the emitter 
material. The combinations of materials are chosen 
for their low work function and low evaporation rate 
because the former determines the temperature that 
the cathode must be raised to and the latter determi- 
nes the operating life of the cathode. The emitter ma- 
terial is heated to extremely high temperatures for op- 
eration, typically greater than 1000°C. At operating 
temperatures, the thermal distribution of electrons in 
the emitter material allows a significant number of 
electrons to have a thermal kinetic energy greater 
than the binding energy of the material. This renders 
these electrons effectively free of the material and 
therefore permits these electrons to be easily drawn 
off by an applied external field. 

The operational characteristics of thermionic 
emission cathodes also dictate their shortcomings. 
First, the cathode must be heated to very high tem- 
peratures in order to produce a significant number of 
free electrons. This heating requires power which 
must normally be externally applied. In some cases 
this power can be derived from the back- 
bombardment of the emitter in a gas discharge. Sec- 
ond, the emissive material on the cathode slowly boils 
off into its surrounding environment at the required 
elevated cathode temperatures. This rate of boil-off 
typically determines the cathode operational lifetime. 
This boiled-off material can also have deleterious ef- 
fects on the performance of other chemically sensi- 
tive materials in the gas discharge device, such as 
phosphors. Finally, the elevated cathode tempera- 



tures render the cathode materials moderately chem- 
ically reactive, and therefore care must be taken in en- 
gineering the surrounding environment such that 
other materials in the system do not react with and 

5 poison the cathode emissive materials. 

Cathodes designed to use secondary electron 
emission processes rely on incident ions, electrons, 
or photons to initiate a cascade which can then be 
self-supporting. An incident particle must be energet- 

10 tc enough to eject one or more electrons from the 
cathode material if the number of particles in the arc 
stream is to be stable or increasing. In the arc stream 
geometry in a gas discharge, electron emission from 
the cathode will primarily be due to ion impact The 

is incident ions also couple significant energy to the 
cathode substrate as a result of the surface collision, 
resulting in a net energy loss from the device beyond 
the energy required to liberate the counter- propagat- 
ing electrons. This large inefficiency is a primary rea- 

20 son to avoid secondary emission cathodes whenever 
possible. 

A gas discharge lamp is a lamp which produces 
light by exciting gas atoms using an electric current. 
Figure 1 illustrates a simplified example of a conven- 
es tionat gas discharge lamp in the form of a fluorescent 
lamp 100. The body of fluorescent lamp 100 consists 
of a tubular glass or quartz envelope 110. The envel- 
ope 110 can be formed in a wide variety of shapes and 
sizes. The inside surface of envelope 110 is coated 

30 with a blend of photo! uminescent phosphors 115. 
Photoluminescent phosphors are phosphors that emit 
visible light when stimulated by ultraviolet light 

Envelope 110 is filled to a low pressure, typically 
2 to 1 0 Torr, with argon gas or krypton gas and a small 

35 amount of mercury. The mercury is condensed into its 
metalloid state at room temperature and is converted 
into a gaseous form at normal operating tempera- 
tures. The mercury atoms produce ultraviolet and 
visible light photons when the atoms are excited by 

40 electrons through collisional excitation. The argon 
gas or krypton gas serves as a buffer gas and pro- 
motes ionization inside the envelope 110. 

In a conventional hot cathode fluorescent lamp, 
both ends contain both a thermionic cathode and an 

45 anode structure. These are illustrated in Figure 1 as 
anode/cathode 120 and cathode/anode 130. The ap- 
plied voltage to the lamp oscillates such that the cath- 
ode at one end and the anode at the opposite end are 
energized during one-harf of an AC cycle (e.g., 60 Hz) 

50 and then the roles of each end reverse during the 
other half of the cycle. During any given half-cycle, a 
cathode serves to release electrons into the arc 
stream. The anode at the opposite end of the lamp 
serves as the main recipient of the electrons and as 

55 a current carrier for the lamp. An anode is typically 
fabricated from molybdenum wires or another refrac- 
tory metal or metal alloy. Due to the heating of the 
anode, a refractory metal is required if the anode is 
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not to be rapidly ablated during lamp operation. 

If ultraviolet light is desired instead of visible light, 
then the phosphor coating is omitted and the lamp en- 
velope is fabricated from a material that will efficiently 
pass ultraviolet light, such as quartz. Ultraviolet light 
sources are used, for example, for water purification. 

Conventional gas discharge lamps have numer- 
ous drawbacks directly related to the cathode, such 
as a relatively short lamp life and susceptibility to 
mechanical damage. Conventional hot cathode fluor- 
escent and ultraviolet lamps require electric power 
just to keep the cathode(s) hot This wastes energy. 
Conventional cold cathode fluorescent and ultraviolet 
lamps are even less efficient because the cathodes 
in these lamps have a higher cathode fall voltage (the 
cathode fait voltage is the potential difference be- 
tween the arc stream and the cathode). 

Accordingly , there is a real need for an improved 
technique for producing a gas discharge. 

Summary of the Invention 

Accordingly, it Is an object of the invention to pro- 
vide an improved technique for initiating and sustain- 
ing a gas discharge using a field emitter array having 
microscopic emitter elements as the cathode. 

Another object of the invention is to provide a 
field emitter array with suitable geometry and mate- 
rials characteristics for long life performance in a gas 
discharge environment. 

Another object of the invention is to provide an 
improved gas discharge lamp utilizing a field emitter 
array having microscopic emitter elements as a cath- 
ode. 

Another object of the invention is to provide a 
wide variety of gas discharge lamps, such as fluores- 
cent and neon lamps, which generate light with higher 
efficiency than conventional lamps and which have a 
longer life and improved reliability as compared to 
conventional lamps. 

According to a first aspect of the invention there 
is provided a gas discharge device which includes an 
envelope containing a low pressure gas. Afield emit- 
ter array is positioned within the envelope and forms 
a cathode. The field emitter array includes micro- 
scopic emitter elements which emit electrons into the 
gas. An anode is positioned within the envelope and 
is spaced from the cathode. A first conductor is con- 
nected to the cathode and a second conductor is con- 
nected to the anode for supplying a voltage potential 
between the cathode and the anode upon operation 
of the gas discharge device. This voltage potential 
creates a gas discharge that closes the circuit be- 
tween the cathode and the anode. Typically, the gas 
is at a pressure between 0.1 Torr and 10 To rr and the 
microscopic emitter elements include rods which pro- 
trude from a matrix and which have a maximum 
cross- sectional dimension less than 100 microns. 



According to another aspect of the invention 
there is provided a gas discharge lamp which includes 
an envelope containing a gas which emits photons 
when the gas is excited by electrons. The envelope 
s is at least partially transparent to emit light. A field 
emitter array includes microscopic emitter elements 
which emit electrons into the gas to excite the gas. In 
a preferred embodiment, the gas is mercury. A phos- 
phor coating can be provided to convert photons emit- 
to ted by the gas into visible light 

Other objects, features, advantages, and appli- 
cations of the invention will become apparent from 
the detailed description of preferred embodiments 
set forth below. 

15 

Brief Description of the Drawings 

Preferred embodiments of the invention will be 
described below with reference to the accompanying 
20 drawings, wherein: 

Figure 1 illustrates a conventional fluorescent 
lamp; 

Figure 2 illustrates a lamp according to a prefer- 
red embodiment of the invention; 
25 Figure 3 is a detailed illustration of an electrode 

assembly of Figure 2; 

Figure 4 illustrates various parameters of a field 
emitter array having microscopic emitter ele- 
ments; 

30 Figure 5 is a photograph of a field emitter array 

having microscopic emitter elements suitable for 
use in the embodiment illustrated in Figures 2, 3, 
and 4; and 

Figure 6 illustrates a flat panel display according 
35 to another preferred embodiment of the inven- 

tion. 

Detailed Description of Preferred Embodiments 

40 In the instant invention, a field emitter array hav- 

ing microscopic emitter elements is employed to pro- 
duce electrons for a gas discharge. The gas pressure 
is generally between 0.1 and 10 Torr. The gas dis- 
charge can be used, for example, to produce light 

45 The invention can be carried out in a wide variety 

of ways and has applicability to a wide variety of ap- 
plications. By way of example and not by limitation, 
the invention can be applied to commercial lighting 
and display backlighting applications, to wastewater 

50 treatment to ultraviolet curing of thin films, and to 
high power electronic protection devices. Therefore, 
it will be appreciated that the invention is not limited 
to the detailed designs described below but will in- 
stead vary depending on the specific application at 

55 hand, manufacturing concerns, cost and the like. 

Unlike either the thermionic emission or second- 
ary emission processes, field emission processes 
use a very high electric field stress at the surface of 
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the cathode material to directly liberate electrons 
from the cathode through quantum tunneling. This 
process is therefore sometimes referred to as quan- 
tum field emission. The external fields required for 
this phenomena to occur with high probability are on 
the order of 1 0 6 to 1 0 8 V/cm, depending on the desired 
emission current density and the work function of the 
cathode material. Such large external fields are nor- 
mally only achieved in resonant radio-frequency ac- 
celerator cavities, or near structures with very sharp 
surface features that dramatically enhance the aver- 
age applied field. A type of cathode has been devel- 
oped which exploits this latter design by employing a 
high density array of microscopic sharp tips in which 
each tip acts as a field emitter source of electrons. 
Such cathodes are typically referred to as field emit- 
ter arrays. 

Field emitter arrays have been fabricated from a 
wide variety of emitter materials including silicon, mo- 
lybdenum, gallium-arsenide, diamond, and tantalum- 
disllickJe. All of these field emitter arrays achieve the 
large fields necessary for field emission through the 
use of microscopic structures with sharp surface fea- 
tures such as pointed cones or wedges. Most of the 
field emitter array research has focussed on their use 
in vacuum electronic devices, and most field emitter 
arrays require sensitive treatment in ultra-high va- 
cuum systems with pressures of approximately 10- 8 
Ton*. The sensitivity of field emitter arrays to their 
background environment is influenced primarily by 
two factors: the chemical stability of the emitter ma- 
terials and the effects of ion back-bombardment on 
the emitter structure. 

Figure 2 illustrates one preferred embodiment of 
the invention in the form of a gas discharge lamp 200. 
The lamp 200 includes an envelope 210 which is fab- 
ricated from glass or quartz. A quartz envelope is pre- 
ferred when the lamp is to be operated as a source of 
ultraviolet light. The inside surface of the envelope 
210 may be coated with a conventional photolumines- 
cent phosphor coating 215. The envelope 210 is filled 
to a low pressure with an inert gas such as argon or 
krypton and with a small amount of mercury. 

Two identical cathode-anode electrode assem- 
blies 230 and 250 are provided within the envelope 
210 to alternately produce and collect electrons. 
When a voltage potential is applied between assem- 
blies 230 and 250, a gas discharge is created be- 
tween the two assemblies. The gas discharge closes, 
or completes, the electrical circuit between the two 
assemblies. 

The assemblies are alternately energized by an 
AC (alternating current) power supply 900 such that 
when the assembly 230 is acting as a cathode, the as- 
sembly 250 is acting as an anode, and vice versa. The 
detailed configuration of the assemblies 230 and 250 
will be described below. 

For the sake of the present discussion, we will 



limit our discussion to one phase of the energizing cy- 
cle in which the assembly 230 is used to produce elec- 
trons and the assembly 250 serves as an electron 
collector. It will be understood to those skilled in the 

5 art that a wide variety of oscillatory waveforms can be 
used to excite the discharge. For some purposes, for 
example, certain high power electronic protection de- 
vices, DC (direct current) voltages may also be used. 
Assembly 230 is connected to a first potential, 

10 e.g., +770 volts, and assembly 250 is connected to a 
second potential, e.g., ground. Assembly 250 is thus 
capable of supplying a virtually unlimited supply of 
electrons. The gas between the assembly 250 and 
the assembly 230 provides a path for arc propagation. 

is In contrast to conventional hot cathode and cold 

cathode lamps, the cathode in assemblies 230 and 
250 of the instant invention employ a field emitter ar- 
ray having microscopic emitter elements to emit elec- 
trons into the envelope 210. The instant invention 

20 does not change the general nature of the arc prop- 
agation in a gas discharge apart from the nature of 
arc generation and propagation near the assemblies 
230 and 250. 

Figure 3 illustrates a detailed view of electrode 

25 assembly 250. Assembly 230 is identical to assembly 
250. As illustrated in Figure 3, the assembly 250 in- 
cludes a collecting anode 252 to collect electrons 
when the assembly is serving as an electron collector 
and afield emitter array 254 having microscopic emit- 

30 ter elements to emit electrons when the assembly 
250 is serving as an electron source. The collecting 
anode 252 in this embodiment is aflat annulus. A met- 
al mesh 255 covers the aperture in the annulus op- 
posite the field emitter array 254. Mesh 255 is in elec- 

35 trical contact with anode 252 and also collects elec- 
trons when the assembly 250 is serving as an elec- 
tron collector. Alternate geometries which provide the 
same general electric field structure in front of the 
field emitter array 254 can be used instead of a flat 

40 annulus and a screen. 

Good conducting refractory metals such as tung- 
sten or molybdenum or comparable alloys are prefer- 
red for the anode and mesh materials in most appli- 
cations. However, lower melting point metals or alloys 

45 such as nickel may be suitable for low power density 
applications. During lamp operation, a very small 
amount of the anode and/or mesh material may come 
off of either assembly. Therefore, materials which 
could coat or oxidize the field emitter array 254, such 

50 as iron, should be avoided in the anode 252 and the 
mesh 255. 

Figure 4 illustrates the basic parameters of the 
field emitter array 254. In this embodiment, the field 
emitter array 254 consists of an array of microscopic 
55 tantalum disilicide rods 410 encased in a silicon sub- 
strate 420. The rods are oriented approximately per- 
pendicular to the main surface of the substrate and 
protrude from the front surface 254a of the array fac- 



FP OfttftniflA* i 



7 



EP 0 638 918 A1 



8 



ing mesh 255. The portion of a rod above the surface 
of the substrate forms a microscopic emitter element. 
These rods that are illustrated in Figure 4 are not visi- 
ble in Figure 3 because they are too small to be seen 
with the naked eye. In this particular embodiment, the 
portions of the rods above the surface of the sub- 
strate are not coated with any protective material be- 
cause the rods will not chemically react with the argon 
or krypton and mercury in envelope 210. However, in 
some applications the tips should be coated to make 
them chemically inactive. For example, in a water va- 
por environment, the tips should usually be coated 
with gold or another material to make them chemically 
inert. 

Under the influence of an applied electric field, 
the tantalum disilicide rods each act as a microscopic 
quantum field emitter. The emitters in the field emitter 
array are typically characterized by their height H, 
their average lateral separation S, the average tip ra- 
dius of curvature R, and the maximum cross- 
sectional dimension D of a rod at its base. When the 
rods are circular in cross-section, the maximum 
cross-sectional dimension is the rod diameter. 

Figure 5 is an SEM (scanning electron micro- 
scope) photograph of the surface of the field emitter 
array facing the mesh 255, magnified 2,460 times. 
The photograph includes a 10 (10 micron) scale 
for reference. In the photograph, the white-colored 
pointed spikes are the ends of the tantalum disilicide 
rods. The black portion in the photograph is the silicon 
substrate. 

In this embodiment, the rods extend to a height 
H approximately 8.0 to 8.1 microns above the surface 
of the silicon substrate, have a tip radii of curvature 
R of between 80 and 1 20 angstroms, and have an 
a re a I density of approximately lO^/cm 2 , which corre- 
sponds to an average lateral separation S of approx- 
imately 10 microns. It is important that the geometry 
of the rods above the surface of the substrate be rel- 
atively uniform from rod to rod to ensure that current 
draw through the rods throughout the array is relative- 
ly uniform. Depending on the application at hand, the 
rods can have a maximum cross- sectional dimension 
D between 0.01 and 100 microns, a height H between 
0.5 and 100 microns, and an areal density between 
lO'/cm 2 and lOS/cm 2 . 

In this particular embodiment the silicon sub- 
strate of array 254 is 0.5 millimeters thick. The tanta- 
lum disilicide rods pass completely through the silicon 
substrate to the back surface 254b not facing mesh 
255. The ends of the rods are flush with back surface 
254b. Electrical contact to the rods is made via a Ti- 
Ni-Au (titanium-nickel-gold) coating on surface 254b. 
The Ti-Ni-Au coating is formed by successively coat- 
ing surface 254b with evaporated films of titanium 
(approximately 50 nanometers), nickel (approximate- 
ly 150 nanometers), and gold (approximately 500 
nanometers) and then annealing the array 254 and 



the coating at a temperature of about 350°C for about 
15 minutes. The Ti-Ni-Au coating contacts both the 
rods and the substrate and serves to bridge Schottky 
barriers between the rods and the substrate in addi- 
5 tion to providing an electrical contact for the array. 
The Ti-Ni-Au coating is not visible in Figure 3 because 
it is too thin to be seen in a side view with the naked 
eye. 

Electrons travel from the Ti-Ni-Au coating up 

10 through each of the rods and are emitted from the 
pointed ends of the rods. A relatively thick substrate 
is desirable because the substrate serves as a heat 
sink for the heat generated in the tantalum disilicide 
rods by this electron current flow. A relatively thick 

15 substrate also means that the length of a rod from the 
portion of the rod contacting the Ti-Ni-Au coating to 
the very tip of the rod, which emits electrons, is rela- 
tively long. This length provides some electrical resis- 
tance in the rod, which helps ensure that the rod does 

20 not carry too much electric current. 

It has been found that silicon-tantalum disilicide 
arrays having microscopic emitter elements are par- 
ticularly advantageous In many applications because 
they have a fairly uniform microstructure, excellent 

25 thermal conductivity properties, and are relatively in- 
ert at high temperatures. Unlike other materials, the 
thermal conductivity of tantalum increases with in- 
creasing temperature. This property of tantalum 
helps keep the emitters at an acceptable tempera- 

30 ture. 

Returning now to Figures 3 and 4, the dimen- 
sions and other construction details of a particular as- 
sembly which has been demonstrated in the labora- 
tory will now be described. The collector anode 252 

35 and the field emitter array 254 are maintained 0.50 to 
0.25 millimeters apart by an annular-shaped ceramic 
ring 253. The outer diameter of this ring is approxi- 
mately 9 millimeters and the inner diameter is approx- 
imately 5 millimeters. In this embodiment the ring 253 

40 is fabricated from a ceramic such as MACOR. The 
mesh 255 is affixed between the ring 253 and the col- 
lector anode 252. The field emitter array 254 is posi- 
tioned within a depression 256a machined into a 
tungsten cathode contact 256. The dimensions of this 

45 contact 256 are such that two additional ceramic rings 
257a and 257b fit over a post end 256b of contact 256 
opposite the field emitter array 254. The rings 257a 
and 257b have dimensions identical to ring 253 and 
are fabricated from a ceramic such as MACOR. 

50 This entire assembly is contained within the can 

formed by the collector anode 252, as shown in Figure 
3. A containing ring 258 is press fitted into the opening 
in the rear of the collector anode 252 and compresses 
against the ceramic ring 257b. The containing ring 

55 258 is spot welded into place to prevent movement of 
the internal components. Contact wires 259 and 260 
are affixed to containing ring 258 (which is in elect ri- 
cal contact with the collector anode 252) and cathode 
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contact 256. respectively, by contacts 259a and 
260a. 

In a laboratory set-up, leads 259 and 260 for as- 
sembly 230. serving as an electron collector, were 
connected to a +770 voH power supply and leads 259 
and 260 for assembly 250, serving as an electron 
source, were connected to ground. When the lamp 
200 was operated using DC power, it drew several 
milliamps and produced visible and ultraviolet light. 

The process of vacuum field emission is very 
sensitive to the work function of the emitter surface. 
Reaction of the emitter material with the outside en- 
vironment is one potentially disastrous situation to be 
avoided because thin layers of surface oxides can al- 
ter the field necessary to achieve a given emission 
current by more than a factor of three. A second inter- 
action possibility is the absorption of gas molecules 
into the emitter surface, without an actual chemical 
reaction of the materials. These absorbed molecules 
can significantly degrade performance by modifying 
the work function of the emitter surface. 

An additional effect of ion back- bombardment is 
the direct result of the emission process. Positive ions 
are created in the discharge volume by collisions of 
the emitted electrons with background gas neutrals 
or by sputtering the anode material. These positively 
charged ions then propagate toward the cathode and 
may strike the cathode with a kinetic energy deter- 
mined by where in the discharge volume the ions were 
formed. The degree of subsequent sputtering of the 
emitter structure depends on the design of the field 
emitter array, the design of the discharge volume, the 
emitter material, the anode material, and the back- 
ground gas pressure. 

Field emitter arrays having microscopic emitter 
elements can be made from other materials and/or 
can have other dimensions and other area) densities 
than those described above. Moreover, a wide variety 
of other metals can be used instead of Ti-Ni-Au for the 
coating on back surface 254b of array 254. For exam- 
ple, suitable field emitter arrays having microscopic 
emitter elements can be formed from other eutectic 
composites such as niobium, tungsten, or molybde- 
num composites; from gallium-arsenide patterned 
devices; and from bio-molecular devices. The Ti-Ni- 
Au coating can be replaced with a platinum- titanium- 
tungsten coating if a high temperature coating is re- 
quired, for example, for manufacturing reasons. This 
latter contact is applied by first depositing a titanium- 
tungsten alloy with 5-15% titanium content (approxi- 
mately 100 nanometers) followed by the deposition of 
platinum (approximately 20 nanometers). 

General background information and detailed 
technical data on field emitter arrays having micro- 
scopic emitter elements are set forth in U.S. Patent 
No. 5,138,220, entitled "Field Emission Cathode of 
Bio- Molecular or Semi conductor- Metal Eutectic Com- 
posite Microstructures" and issued on August 11, 



1992 to Douglas A. Kirk pat rick; "Surface Composition 
of Si-TaSi 2 Eutectic Cathodes and Its Effect on Va- 
cuum Field Emission, 1 ' Applied Physics Letters, 
James J. Hickman et al., Vol. 61, No. 21, November 

5 23, 1992, page 2518; "Analysis of Field Emission 
From Three-Dimensional Structures," Applied Phys- 
ics Letters, D. A. Kirkpatrick etal., Vol. 60, No. 17, Ap- 
ril 27, 1992, page 2065; "Demonstration of Vacuum 
Field Emission From a Self-Assembling Bio molecular 

10 Microstructure Composite," Applied Physics Letters, 
Vol. 60, No. 13, March 30, 1992, page 1556; and "Va- 
cuum Field Emission From a ShTaSi 2 Semiconductor- 
Metal Eutectic Composite," Applied Physics Letters, 
Vol. 59, No. 17, October 21, 1991, page 2094. The 

15 contents of these documents are incorporated herein 
by reference. 

The physics of operation of the lamp 200 will now 
be described in detail. 

When a voltage difference is applied between as- 

20 sembly 230, serving as an electron collector, and as- 
sembly 250, serving as an electron source, an elec- 
trostatic field is created in the vicinity of the field emit- 
ter array 254 in assembly 250. In the vicinity of the tips 
of the tantalum disilicide rods, shown in Figures 4 and 

25 5, this electrostatic field is enhanced sufficiently to 
cause electrons to be liberated from the tips of the 
tantalum disilicide rods. This voltage difference also 
creates an arc between assembly 230 and assembly 
250. 

30 The electron emissions from the field emitter ar- 

ray 254 are truly cold emissions - they do not require 
a thermal release mechanism. Neither do they require 
back- bombardment from the arc stream, although 
back- bombardment of the silicon matrix and anode 

35 structure of the assembly 230 may contribute some 
current to the arc stream. After the electrons are lib- 
erated from the array 254 of assembly 250, they move 
toward the mesh 255 of assembly 250, pass through 
the mesh 255, and move across the length of the lamp 

40 from left to right in the direction of assembly 230 as 
a result of the potential difference between the as- 
sembly 250 and the assembly 230. The function of as- 
sembly 230 is to provide a path for current flow by col- 
lecting electrons at the end of the lamp opposite as- 

45 sembly 250. 

As the electrons move across the length of the 
lamp from left to right in Figure 2. the electrons collide 
inelastically with electrons in the outer electron shells 
of mercury atoms within the envelope 210 and excite 

so the mercury atoms. When these mercury atoms re- 
lax, they emit light (albeit invisible) in the form of 186 
and 254 nanometer ultraviolet photons. These 186 
and 254 nanometer ultraviolet photons in turn react 
with the phosphor coating 215 to. produce visible light. 

55 As electrons move from left to right in Figure 2, 

positive ions move from right to left These ions are 
either neutralized or absorbed in the vicinity of as- 
sembly 250. During AC operation, in the second half- 
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cycle, the electrons move from right to left and the 
ions move from left to right. 

The lamp 200 is more efficient than hot cathode 
lamps because the lamp does not require electric 
power to keep the cathode(s) hot Moreover, the cath- 
odes used in the instant invention are much more sta- 
ble in background gas impurities that are intolerable 
for conventional hot filament cathodes. 

Moreover, the cathode of the instant invention is 
also not subjected to materials loss as electrons are 
emitted. This permits the invention to operate under 
high drive conditions without a degradation in perfor- 
mance. It is conservatively estimated that the MTBF 
(mean time between failure) for a lamp using the in- 
stant invention is four times longer than the MTBF for 
conventional hot filament gas discharge lamps. The 
invention is particularly advantageous in lighting ap- 
plications where it is undesirable to use a hot filament, 
such as in mines or other areas that contain explosive 
materials, and in situations where long life and reli- 
ability are critical, such as in nuclear facilities. 

The geometry, design, and operating conditions 
of the instant invention result In the creation of a plas- 
ma sheath around the emitter tips of the field emitter 
array 254 as well as the creation of a ground plane at 
mesh 255. As illustrated in Figure 4, the plasma 
sheath extends from the surface of the silicon matrix 
and the rods. The plasma sheath and ground plane 
shield the emitter tips from ion back-bombardment, 
thus greatly extending the life of the array. 

The parameters of the sheath also establish the 
characteristic Debye length over which the potential 
difference between the cathode, at potential V K , and 
the arc plasma, at potential V P , drops. This difference 
between V K and V P is sometimes called the cathode 
fall voltage. The Debye length is given by Xq = 
vVop*. wnere v Te 'S the electron thermal velocity and 
o>pe is the electron plasma frequency in the plasma 
sheath. The plasma sheath potential scales at ap- 
proximately e-**i> where x is the distance above the 
cathode surface structure and Xq is the Debye length. 
The 1/e th length of the plasma sheath is on the order 
of the height H of the tips and corresponds to line L 
in Figure 4, General background information on plas- 
mas is set forth in Principles of Plasma Physics by 
Krall and Trivel piece (McGraw Hill 1973) and the ref- 
erences cited therein. The contents of this book are 
incorporated herein by reference. 

The plasma sheath acts as a virtual anode to ex- 
tract electrons off of the rods. To avoid shorting out 
the device or otherwise adversely affecting the plas- 
ma, it is important not to adversely perturb the plasma 
sheath. Accordingly, structures other than the rods 
themselves should not be placed within the sheath. 

For nominal parameters for gas discharges used 
in lighting applications, Xo is typically in the range of 
1 to 10 microns. The potential difference between the 
emitter tips, at potential V K , and the arc plasma, at po- 



tential V P , appears over this short distance and is fur- 
ther enhanced by the structure of the emitter tip. The 
precise enhancement of the field due to the emitter 
structure is dependent on the details of the plasma 

5 sheath, and is best calculated accurately with ad- 
vanced numerical simulation tods. An approximate 
value of enhancement can be calculated from the ra- 
tio of the Debye length to the emitter tip radius of cur- 
vature. This calculation results in a field enhance- 

10 ment factor of between 1 00 and 1000. A potential dif- 
ference between the emitter tips and the arc plasma 
of 1 volt thus produces a local electric field at the 
emitter tip apex of 1 0 7 to 1 0 8 V/cm. This level of a local 
electric field produces emitted current densities of 

15 several amperes to tens of amperes per square cen- 
timeter when averaged over the macroscopic field 
emitter array area. 

The cathode fall voltage for a thermionic emis- 
sion cathode is typically about 10 volts, while that of 

20 a secondary emission cathode may be approximately 
60 volts. These are the respective voltage differenc- 
es required by these types of emitters to emit suffi- 
cient electron current to maintain the arc stream. By 
contrast, the above analysis indicates that the fall vol- 

25 tage associated with the field emitter array in many 
applications is on the order of or less than one volt. 

The arrangement of Figure 3 can also be config- 
ured to create a gas discharge which itself serves as 
a source of free electrons. These free electrons can 

30 in turn be used, for example, for ionizing a gas. 

In this configuration, the voltage supplied to wires 
259 and 260 differ by several hundred volts. In one 
application, wire 259 is supplied with 300 volts and 
wire 260 is grounded to 0 volts. When supplied with 

35 these voltages, array 254 forms a cathode (an elec- 
tron emitter) and mesh 255 forms an anode (an elec- 
tron collector). A gas discharge is formed between ar- 
ray 254 and mesh 255 that completes the electrical 
circuit between array 254 and mesh 255. This gas dis- 

40 charge produces free electrons that migrate into the 
area surrounding the gas discharge. The mesh can be 
replaced with other anode structures that perform the 
same functions as the mesh. 

An example of how the instant invention can be 

45 employed in another specialized application will now 
be described to illustrate other features and advan- 
tages of the invention. 

Application Example: 

50 

Backlighting Military Flat Panel Displays 

Many types of modern military equipment, such 
as military avionics, employ flat panel displays such 
55 as active matrix liquid crystal displays (AM LCDs) to 
provide information to the equipment operator. These 
displays require a source of light called a backlight. 
General background information on flat panel dis- 
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plays can be found in U.S. Patent No. 5,161,041, en- 
titled "Lighting Assembly for a Backlit Electronic Dis- 
play Including an Integral Image Splitting and Colli- 
mating Means" and issued on November 3, 1992 to 
Adiel Abileah et al.; and U.S. Patent No. 4,748,546, 5 
entitled "Fluorescent Backlighting Unit" and issued on 
May 31, 1988 to Orest J. Ukrainsky. The contents of 
these patents are incorporated herein by reference. 

Displays designed for military use place numer- 
ous requirements on the source of the backlight Day- w 
light readability requirements for a display typically 
require that the display provide luminance levels in 
excess of 150 foot Lamberts, whereas dimmed light 
requirements for some applications are on the order 
of 0.5 foot Lamberts or less. Accordingly, many mili- 15 
tary applications require that a display have a large 
bright-to-dim ratio. 

Furthermore, the display cannot be susceptible 
to detection by night vision imaging systems (NVIS). 
The display is considered compatible with NVIS if its 20 
emissions throughout the NVIS sensitivity spectrum 
are held In check so as not to interfere with the auto- 
matic brightness control (gain) built into NVIS. Night 
vision goggle compatibility limits are set forth in mili- 
tary specification number MIL-L-85762A. In summa- 25 
ry, these limits set forth maximum values for near- 
infrared radiation (620-930 nanometers) that can be 
emitted by a display or other lighted device and not in- 
terfere with the sensitivity of the goggles. 

At the present time, two alternative lamp technol- 30 
ogies are employed to back illuminate a flat panel dis- 
play in non-military applications: hot cathode lamps 
and cold cathode lamps. 

Conventional cold cathode lamps can not be 
used as backlights in military equipment because 35 
t hey ca n not be d i mmed to th e ext reme I i mit s requ i red 
for nighttime military applications. At low to moderate 
drive conditions the high voltage gradient require- 
ments for lamp operation can not be met and the lamp 
simply goes out. Thus, conventional cold cathode 40 
lamps are not suitable for use as military flat panel 
display backlights. 

Unfortunately, the use of hot cathode lamps for 
backlighting military flat panel displays is not without 
shortcomings. To date, the most popular way of back- 45 
lighting a military flat panel display is to use hot cath- 
ode serpentine-shaped fluorescent lamps in a reflect- 
ing cavity along with a dif f user to provide balanced lu- 
minance. Hot cathode fluorescent lamps are popular 
because they are a proven technology with a moder- so 
ately low risk of failure. The trade-off for this low risk 
is low to marginal performance with regard to provid- 
ing high luminance for daylight readability, long life, 
adequate dimming capability, sufficient structural in- 
tegrity, and low power consumption. Use of hot ca th- 55 
odes also makes the equipment susceptible to detec- 
tion by night vision imaging equipment due to a large 
near-infrared component that results from the very 



high temperature of the filament. 

Moreover, the materials that are commonly used 
in flat panel liquid crystal displays are highly effective 
at selective attenuation of visible light However, 
these materials are very ineffective at attenuating the 
near-infrared component of light generated by hot fi- 
lament lamps to which the NVIS goggles are most 
sensitive. Flat panel displays for military use are also 
subject to stringent requirements for the dynamic 
range of usable intensities i.e., dimming and bright- 
ness requirements. Typical requirements are to pro- 
vide dimmabilrty over a 2000:1 range. These require- 
ments are set to provide full sunlight readability and 
to be compatible with NVIS goggle requirements. 

Dimming a hot cathode fluorescent lamp literally 
requires starting and stopping the lamp over and over 
again at a low but controlled rate of repetition. The 
lamp luminance is the average of the momentary 
peak luminance and the decay luminance of the phos- 
phor. High required ignition voltages and a high re- 
quired rate of repetition cause cathode material loss 
in a fashion similar to the cathode material loss that 
occurs when operating the lamp at high luminance. 
Thus, dimming a hot cathode lamp greatly shortens 
the life span of the lamp. 

By contrast, in a lamp employing the instant in- 
vention the cathode does not undergo material loss. 
The operating time of the cathode is only that time 
during the emission cycle which the cathode is actual- 
ly on. Thus, dimming a lamp employing the instant in- 
vention by variation of the lamp duty cycle does not 
greatly shorten the life span of the lamp. 

Hot filament lamps are also not well suited to mili- 
tary shock and vibration environments. Under mili- 
tary shock and vibration conditions, the coils that 
form the fragile lamp filament collapse together, burn 
out, and/or simply open as a result of mechanical 
stress. 

In contrast a lamp employing the instant inven- 
tion has a rugged construction that is not subject to 
failure due to shock and vibration. The instant inven- 
tion has no fragile components, such as coils, which 
are prone to failure under shock and vibration condi- 
tions. The electron emitter in the instant invention is 
a block of material which is capable of withstanding 
considerable shock and vibration without damage. 

Figure 6 illustrates a simplified arrangement for 
a backlighted flat panel display 300 that employs the 
instant invention. Flat panel display 300 includes a 
transmissive AMLCD 310, a light diffuser 320, a flu- 
orescent gas discharge lamp 330 employing the in- 
stant invention, and a back reflector 340. The fluor- 
escent gas discharge lamp 330 uses a field emitter 
array having microscopic emitter elements to emit 
electrons into the tube of the lamp. These electrons 
in turn excite mercury atoms in the tube. The mercury 
atoms emit ultraviolet radiation when they relax, 
which causes a phosphor coating inside the tube to 
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emit visible light for backlighting the display. 

Electrical control signals provided to the AMLCD 
310 from a controller 350 (e.g., a computer) cause 
light from lamp 330 to be either blocked or transmit- 
ted, thus creating an image on the face of the display 
310 that is observed by an observer. (The observer 
is located to the left of the display in Figure 6.) 

The invention can be applied to a wide variety of 
applications in addition to those discussed above. In 
general, the invention can be used in any application 
requiring a source of electrons in a low pressure gas 
discharge environment. For example, the invention 
can be applied to semiconductor fabrication. 

Therefore, although the invention has been de- 
scribed above with reference to certain specific em- 
bodiments, the scope of the invention is not limited to 
the embodiments described above. Other designs, 
modifications, and applications within the spirit and 
scope of the invention will be apparent to those skilled 
in the art after receiving the above teachings. The 
scope of the invention, therefore, is defined with ref- 
erence to the following claims. 



Claims 

1. A gas discharge device, comprising; 

an envelope (210) containing a low pres- 
sure gas; 

a field emitter array (254) forming a cath- 
ode, said field emitter array having microscopic 
emitter elements (410) which emit electrons into 
said gas; 

an anode spaced from said cathode; and 
a first conductor connected to said cath- 
ode and a second conductor connected to said 
anode for supplying a voltage potential between 
said cathode and said anode upon operation of 
said gas discharge device wherein a gas dis- 
charge closes a circuit between said cathode and 
said anode. 

2. A gas discharge lamp, comprising: 

an envelope (210) containing a gas which 
emits photons when said gas is excited by elec- 
trons, said envelope being at least partially trans- 
parent to emit light; and 

a field emitter array (254) forming a cath- 
ode, said field emitter array having microscopic 
emitter elements (410) which emit electrons into 
said gas to excite said gas. 

3. The gas discharge lamp of claim 2, further com- 
prising: 

an anode spaced from said cathode; and 
a first conductor connected to said cath- 
ode and a second conductor connected to said 
anode for supplying a voltage potential between 



said cathode and said anode upon operation of 
said gas discharge lamp wherein a gas discharge 
closes a circuit between said cathode and said 
anode. 

5 

4. The device of any preceding claim, wherein said 
gas is at a pressure less than 1300 Pa, and pre- 
ferably greater than 13 Pa. 

10 5. The device of any preceding claim, wherein said 
microscopic emitter elements include rods (410) 
protruding from a substrate (420), said rods hav- 
ing a maximum cross-sectional dimension less 
than 100 um, and preferably greater than 0.01 

15 um. 

6. The device of any preceding claim, wherein said 
field emitter array (254) includes tantalum disili- 
cide rods (410) in a silicon matrix (420). 

20 

7. The device of claim 6, wherein said field emitter 
array includes a layer (254b) of metal contacting 
both said rods (410) and said matrix (420) to 
bridge Schottky barriers between said rods and. 

25 said matrix. 

8. The device of any preceding claim, wherein an 
areal density of said microscopic emitter ele- 
ments (410) in said field emitter array (254) is at 

30 least (1000/cm 2 , preferably 10,000/crri 2 . 

9. The device of any preceding claim, wherein said 
gas is mercury. 

35 1 0. A method of producing a gas discharge, compris- 
ing the steps of: 

(a) providing an electric potential between a 
cathode and an anode, said cathode including 
a field emitter array (254) having microscopic 

40 emitter elements (41 0), and 

(b) emitting electrons from said microscopic 
emitter elements into a gas discharge enclo- 
sure to form a gas discharge between said 
cathode and said anode, said gas discharge 

45 completing a circuit between said cathode 

and said anode. 
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